The adaptive response is a phenomenon by which cells exposed to low, non-cytotoxic doses of a genotoxicant become significantly resistant to a subsequent higher dose of the same or another genotoxic agent. Induction of the adaptive response has been mainly studied using ionizing radiation and alkylating agents as genotoxic agents. However, other mutagenic agents may warrant further study, since the adaptive response as a whole may be an important general biological mechanism to maintain genetic integrity and thus could prevent carcinogenic initiation of cells. The exposure to mutagenic agents present, or formed, in the diet is considered an important factor in the etiology of human tumors and a considerable number of these agents have not yet been identified or characterized. Flavonoids are a large group of polyphenolic quinoids found in a wide variety of edible fruits and vegetables and a few, such as quercetin, present genotoxic activity in vitro. The mechanisms of mutagenicity of quercetin involve the production of oxygen radicals through an autoxidation process dependent on pH value and the presence of oxygen. Although there are few doubts regarding the mutagenicity of quercetin in vitro, carcinogenicity of this flavonoid is still controversial. In view of these conflicting results and the radiomimetic nature of the mutagenicity of flavonoids, we addressed the question of cell exposure to quercetin at the low levels present in the diet leading to adaptation to further exposure to mutagens or carcinogens. The work reported here concerns induction of an adaptive response by low doses of quercetin to challenging doses of quercetin and other compounds, namely hydrogen peroxide and mitomycin C, using induction of chromosomal aberrations in V79 cells as the end point
Introduction
The adaptive response is a phenomenon by which cells exposed to low, non-cytotoxic doses of a genotoxicant become significantly resistant to a subsequent higher dose of the same or another genotoxic agent. The sub-lethal conditioning dose is usually named the adaptive dose (AD) and the following higher dose treatment is called the challenge dose (CD).
The evidence of such a biological process was first reported in the late 1970s by Samson and Cairns, who reported on an inducible novel repair system in Escherichia coli due to pre-incubation with small amounts of the monofunctional alkylating chemical A f -methyl-A r '-nitro-A'-nitrosoguanidine (Samson and Cairns, 1977) . Similar results were achieved when different adaptive and challenge agents, such as radiation (X-rays, y-rays and UV radiation), chemicals [tritiated thymidine, tritiated water, mitomycin C (MMC), bleomycin, hydrogen peroxide and actinomycin D] or heat were tested. These experiments, either in prokaryotes or in eukaryotes, such as plant cells, insect cells, yeast, fish cells and mammalian cells, were performed in subsequent years. Various mammalian cells, Chinese hamster ovary cells and human skin fibroblast cell lines (Samson and Schwartz, 1980; Laval, 1988) , Chinese hamster V79 cells (Ikushima, 1987 (Ikushima, , 1989 Osmak and Horvat, 1992; Ibuki and Goto, 1994) , mouse germ cells (Cai and Liu, 1990; Cai et al, 1993 Cai et al, , 1994 Cai and Wang 1995) and human lymphocytes (Olivieri et al, 1984; Wolff et al, 1988; Sankaranarayanan et al, 1989; Bosi and Olivieri, 1989; Bauchinger et al, 1989; Shadley and Dai, 1992; Wojcik et al, 1992 Wojcik et al, , 1996 Domfnguez et al, 1993; Vijayalaxmi et al, 1995) , have been widely used for different end points.
Induction of the adaptive response has been mainly studied using ionizing radiation and alkylating agents as the noxious agents. However, other agents that exert genotoxicity through different mechanisms may warrant further study, since the adaptive response as a whole may be an important general biological mechanism to maintain genetic integrity and thus could prevent carcinogenic initiation of cells.
Exposure to mutagenic agents present, or formed, in the diet is considered an important factor in the etiology of human tumors (Doll and Peto, 1981) and a considerable number of these agents have not yet been identified or characterized. Flavonoids are a large group of polyphenolic quinoids found in a wide variety of edible fruits and vegetables (Hertog et al, 1995) and the major dietary flavonoid quercetin is ingested at levels up to 15 mg/day in Western diets (Rimm et al, 1996) . Although there are few doubts regarding the mutagenicity of quercetin in vitro (Carver et al, 1983; van der Hoeven et al, 1984; Mtiller et al, 1991; Rueff et al, 1992; Gaspar et al, 1994) , the carcinogenicity of this flavonoid is still controversial (Pamukcuefa/., 1980; Hironoef al, 1981; Hirose etal, 1983; Dunnick and Hailey, 1992; Ito, 1992) . On the other hand, antioxidant and anticarcinogenic properties of flavonoids (Verma et al, 1988; Deschner et al, 1991) as well as radioprotective effects of flavonoids and plants containing flavonoids (Shimoi et al, 1996) have also been reported in recent years.
In addition, epidemiological studies have revealed correlations between consumption of plants and fruits and cancer prevention (Ames et al, 1995; Doll, 1996) . In these studies several compounds, including flavonoids, are referred to as having a possible role in cancer prevention. Nevertheless, a recent cross-cultural correlation study concluded that there was no relationship between flavonoid consumption and cancer outcome (Hertog et al, 1995) .
In view of these conflicting results and the radiomimetic nature of the mutagenicity of flavonoids, we addressed the question of cell exposure to quercetin at the low levels present in the diet leading to adaptation to further exposure to mutagens or carcinogens with a possible radiomimetic mechanism of action.
The work reported here concerns induction of an adaptive response by low doses of quercetin to challenging doses of quercetin and other mutagens, namely hydrogen peroxide and MMC, using induction of chromosomal aberrations in V79 cells as the end point.
Materials and methods

Chemicals and culture media
Quercetin, MMC, hydrogen peroxide, newborn calf serum and Ham's F-10 medium were purchased from Sigma (St Louis, MO). Dimethylsulfoxide (DMSO), ethylenediamine tetraacetic acid (EDTA), methanol, acetic acid, potassium chloride and Giemsa dye were obtained from Merck (Darmstadt, Germany). Penicillin, streptomycin and amphotericin B were from Irvine Scientific (Santa Ana, CA). Colchicine was purchased from Fluka (Buchs, Switzerland). Trypsin was obtained from Difco Laboratories (Detroit, MI).
V79 Chinese hamster cells and chromosomal aberration (CA) assay
Wild-type V79 Chinese hamster cells (MZ) were kindly provided by Prof.
H.R.Glatt (Mainz and Postsdam).
Cells were cultured in 5 ml Ham's F-10 medium supplemented with 10% newborn calf serum, penicillin (100 U/ml), streptomycin (100 |ig/ml) and amphotericin B (0.25 |ig/ml) and incubated at 37°C under an atmosphere containing 5% CO 2 .
Twenty three hour cultures (~1 X10 6 cells) growing as monolayers in 25 cm 3 tissue culture flasks (Greiner, Frickenhausen, Germany) were exposed to an AD of quercetin (3.3 mM) dissolved in DMSO. After 4 h incubation CDs of quercetin (49.5 |iM), MMC (3.0 uM) or hydrogen peroxide (0.2 mM) were added to the culture medium. Cells were incubated for a further 3 h and afterwards washed and fresh culture medium added. Cells were then grown for an additional period of 13 h. Colchicine was added at a final concentration of 6 |ig/ml. Cells were grown for a further 3 h and then harvested by trypsiruzation. After 3 min hypotonic treatment with 75 mM KG at 37°C, cells were fixed with methanol/acetic acid (3:1) and slides were prepared and stained with Giemsa (4% v/v in 0.01 M phosphate buffer, pH 6.8) for 10 min. Four or five independent experiments were carried out for each chemical and 100 metaphases were scored for each dose of adapted and control cells for each experiment Control cells included DMSO control (only DMSO), AD control (3.3 mM quercetin) and CD controls (49.5 |iM quercetin, 3.0 |iM MMC and 0.2 mM hydrogen peroxide). The DMSO concentration for adapted and control cells did not exceed 56 mM. Scoring of the different types of aberrations followed the criteria described by Rueff et al. (1993) . 
Induction of chromosomal aberrations in five separate experiments when a single adaptive dose of quercetin was tested (3.3 |iM, incubation for 4 h) and a challenge dose of mitomycin C was used (3.0 fiM, incubation for 3 h Induction of chromosomal aberrations in four separate experiments when a single adaptive dose of quercetin was tested (3.3 |iM, incubation for 4 h) and a challenge dose of hydrogen peroxide was used (0.2 mM, incubation for 3 h).
•Chromatid gap. 'Chromatid break. Table II presents data on different experiments with V79 cells when adapted with a low dose of quercetin and challenged with a high dose of MMC. There is also a significant decrease in induction of CAs, including (P < 0.0005) and excluding gaps (P < 0.01), in the adapted cells. Table m presents data on different experiments with V79 cells when adapted with a low dose of quercetin and challenged with a high dose of H 2 O 2 . When we compare values of aberrant cells in adapted and non-adapted cells, including gaps, although there is a decrease in the response, this decrease is not significant, whereas the same comparison disregarding gaps is significant (P < 0.01). Figure 1 presents average expected and observed values and the respective standard deviations of aberrant cells excluding gaps induced by quercetin, MMC and H 2 O 2 in adapted and non-adapted V79 cells. There is a statistically significant decrease in induction of aberrant cells in all cases (P < 0.0005, P < 0.01 and P < 0.01 respectively).
Discussion
The genotoxicity of the flavonoid quercetin may occur by different pathways and the mechanism of toxicity is intimately related with the genotoxic end point used (Rueff et al, 1992; Gaspar et al., 1994; Caria et al., 1995) . Despite other mechanisms described, the generation of oxygen radicals seems to be the most important genotoxic mechanism of quercetin in mammalian cells and the hydroxyl radical is ultimately the species responsible for the similarity in the patterns of genotoxicity of quercetin and other mutagenic flavonoids and ionizing radiation. In this work we have studied whether a radiomimetic agent, quercetin, at low doses and at physiological pH values of 7.4 does or does not produce an adaptive response to different compounds that, at least partially, exert genotoxicity through a similar mechanism.
Results obtained with different challenge doses of quercetin in non-adapted cells (data not shown) are in agreement with 460 previous results from our laboratory (Gaspar et al., 1994) . The adaptive dose of quercetin (3.3 (xM) was chosen since it is a very low one that did not induce CAs in previous experiments in V79 cells. This dose did not lead to a difference in the mitotic index when compared with DMSO-treated control cells. A dose-effect curve was generated (data not shown) in order to establish the most efficient CD of quercetin in the adapted cells. We concluded that either 41.2, 49.5 or 66.0 |iM could be used in this study, although in the latter case the mitotic index was lower, suggesting cytotoxicity. The results clearly suggest an adaptive response to the chosen dose of 49.5 (J.M quercetin.
With regard to hydrogen peroxide, the results obtained in V79 cells are in agreement with those of Tsuda (1981) , although with a slightly lower percentage of aberrant cells. In V79 cells and using CAs as the end point this molecule is difficult to manage at higher doses. In fact, with hydrogen peroxide there is a narrow interval between production of chromosomal aberrations in a significantly higher number than the control and cytotoxicity. In our experiments we observed CAs at doses of 0.2, 0.25 and 0.3 mM H 2 O 2 (data not shown), but no metaphases were found at 0.5 mM and cytotoxicity was very marked at 1.0 mM (data not shown). In addition, we observed a slight decrease in CAs induced by adaptive doses of quercetin for 0.25 but not for 0.3 mM H 2 O 2 (data not shown). Nevertheless, this latter dose was cytotoxic and therefore the subsequent experiments were carried out using the challenge dose of 0.2 mM H 2 O 2 . This limited interval of H 2 O 2 dose could also explain why with a decrease in CAs in adapted cells we could not find a statistically significant difference between adapted and non-adapted cells when gaps were taken into account.
Concerning the genotoxicant MMC, despite cytochrome P-450-dependent generation of products that could react directly with DNA resulting in crosslinks between DNA strands, there are alternative activation mechanisms via oneelectron reduction of MMC to a semiquinone free radical or two-electron reduction to the hydroquinone (Halliwell and Gutteridge, 1995) . Some enzymes, such as NADH-cytochrome b 5 reductase and NADPH cytochrome P450 reductase, have been implicated in the one-electron reduction of MMC (Goeptar, 1993) . The one-electron reduction pathway is dependent on the presence of oxygen, with production of superoxide anion, hydrogen peroxide and hydroxyl radicals (Goeptar, 1993) . Therefore, it is to be expected that quercetin and MMC might have a partially similar mechanism of inducing genotoxicity, i.e. via reactive oxygen species. In view of these data induction of an adaptive response to MMC is not surprising. The results obtained in non-adapted cells are similar to our previous results, in which MMC was used as a positive control (Duarte Silva et al, 1996) , and there was clear evidence of an adaptive response in cells pre-exposed to low doses of quercetin.
It is extremely important to clarify the mechanisms underlying the adaptive response in general and that induced by quercetin in particular. Although in the last decade an increasing number of scientific reports regarding adaptive response mechanisms in mammalian cells have been published, the molecular basis of this phenomenon remains, by and large, to be unraveled.
Cell cycle dependence has been described and investigated by several authors (Shadley et al, 1987; Moquet et al, 1989; Cai and Liu, 1990; Khandogina et al, 1991; Wang et al, 1991; Hain et al, 1992; Shadley and Dai, 1992; Bai and Chen, 1993) and it is generally accepted that a 4-6 h interval between the adaptive and challenge doses is required for full expression of the adaptive response.
The adaptive doses have been proposed to disturb cell cycle progression (Aghamohammadi and Savage, 1991) or cause changes in the mitotic delays induced by the challenging doses (Meyers et al, 1992) . Recent data obtained in different cell lines after conditioning with multiple low doses of X-rays suggest that the adaptive survival response could be the result of an altered G, checkpoint control in which cyclin Dl, proliferating cell nuclear antigen (PCNA) and probably also cyclin A could be involved (Boothmann et al, 1996) . Nevertheless, other experiments point to the absence of a relationship between the effects of low doses and the adaptive response (Salone et al, 1996; Wolff, 1996) . In our experiments the AD of quercetin (3.3 (J.M) did not lead to a difference in mitotic index (MI) when compared with DMSO-treated control cells. Moreover, we did not observe any trend in MI in challenged cells when compared with conditioned and challenged cells and thus as far as we are concerned our results are not due to a mitotic delay caused by the conditioning dose of quercetin.
Various audiors have suggested that induction of the adaptive response is mediated by an inducible repair system. The observation of some unidentified novel proteins by gel electrophoresis in radio-adapted cells (Wolff et al, 1989; Wolff, 1992) supports this suggestion. The fact that inhibition of protein synthesis impairs induction of the adaptive response (Youngblom et al, 1989; Cai and Liu, 1992) , coupled with suppression of the adaptive response through inhibition of poly(ADP-ribose) polymerase (PARP) by 3-aminobenzamide, gives emphasis to this idea (Wiencke et al, 1986; Ikushima, 1987) . These previous results with 3-aminobenzamide and some recent data obtained with restriction enzymes (Wolff, 1996) suggest an important role of double-strand breaks in induction of the adaptive response. PARP involvement in the adaptive response has been extensively reviewed by Kleczkowska and Althaus (1996) and there is evidence that two distinct modes of PARP induction exist, one following the adaptive dose and the other after the high dose treatment.
On the other hand, it has been inferred that the adaptive response could be a result of induction of protective functions, such as an increase in expression of superoxide dismutase (SOD) (Laval, 1988) . However, recent data obtained with embryonic fibroblasts from a strain of transgenic mice that carry the CuZnSOD human gene and thus overexpress SOD activity suggest mat the adaptive response is unrelated to the concentration of SOD in cells (Wolff, 1996) . In addition, results obtained in V79 Chinese hamster cells with a single cell gel electrophoresis technique also showed that the adaptive response results from induction of an efficient DNA repair mechanism that could result in less residual damage rather than in induction of protective functions (Ikushima et al, 1996) .
Our results suggest the existence of an adaptive response induced by quercetin. Further studies should be done in order to investigate the mechanisms in question. Moreover, otiier cells, e.g. human lymphocytes, should be studied in similar experimental protocols to verify the existence or not of an adaptive response to low doses of quercetin.
